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Abstract
Introduction
Through previous experimentation, conducted by various other researchers, the mechanical
properties of frozen soil were measured by using seismic waves in freezing cells. These mechanical
properties are specifically beneficial to the knowledge of soils that frequently undergo cycles of
freezing and thawing. This constant cycle of freezing and thawing has been proven to alter the
ground strength of soil as the ice increases the water content while decreasing the density of the
soil (Park and Lee, 2013). This research improves our fundamental knowledge about the
transmission of seismic waves through frozen soils which in turn can provide a non-destructive
technology to investigate the drastic changes in soil that occur due to seasonal temperature
changes. This is especially important for areas that experience a broad range of temperatures
throughout the year.
There are certain regions of the United States, and around the world, that experience a constant
cycle of freezing and thawing. Figure 1 below is a plant hardiness zone map displaying average
annual extreme minimum temperatures throughout the country:
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Figure 1: USDA Plant Hardiness Zone Map.

As can be seen from the figure above, the bluer shades of color indicate a lower minimum
temperature that far exceeds freezing conditions. As can be expected, lower temperatures are
apparent in the northern half of the United States. This previous research could benefit these areas
that experience a constant cycle of freeze/thaw conditions. The soil will freeze well before these
minimum temperatures and eventually thaw as the climate warms, leaving the integrity of the soil
questionable. Below, is a different figure indicating the amount of freeze/thaw cycles that occur
per year within the United States:
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Figure 2: Number of Freeze/Thaw Cycles Per Year in the United States.

This research should be considered prevalent in geotechnical planning as the United States is a
country that experiences freeze/thaw cycles in a wide range of variability, as evidenced from the
figure above.
Christ, Kim, & Park (2009) were interested in learning about the seismic effects of the freeze/thaw
process as well as fluctuation in temperature of soil. They concluded that the compressional and
shear wave velocity likely change during the freeze/thaw process because of alterations to the
structure of the soil. They also concluded that the Poisson Ratio of the soil decreased as more
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negative temperatures were introduced to the specimen. The Poisson Ratio increased for samples
introduced to the freeze/thaw process only (Christ, Kim, & Park, 2009).
Prior research from Park & Lee (2013) mainly focused on learning about the mechanical properties
of frozen soil through P- and S-wave testing. Park and Lee (2013) proved that a constant cycle of
freezing, and thawing, alters the ground strength of soil as the ice increases the water content while
decreasing the density of the soil.
Ferrero et al. (2013) observed the geomechanical strength properties of frozen soil by testing for
P- and S-wave velocities throughout the freezing and thawing process. Ferrero et al. concluded
that there is a negative gradient in the velocity of P- and S-waves when the temperature is increased
from -30 to -5 ͦ C.
Before beginning experimentation, it is useful to understand how P- and S-waves are generated
and captured during testing. Piezoelectric transducers, called Bender elements, are able to generate
and record these waves. These elements can convert seismic waves, transmitted through the soil,
to electric signals. The elements are capable of sending either compressive or shear waves. This is
done when an electric pulse is sent through the element, allowing it to vibrate between the medium
being tested. As the wave propagates through the soil, another Bender element, connected directly
in line with the pulsating one, picks up the pulses and converts them to electric signals. An
oscilloscope is then used to display these electric signals. Please see the following figure for
reference of how these elements are to work within experimentation.
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Figure 3: Bender Element Proof of Concept.

The primary use of these elements can be beneficial in exploring non-destructive ways to test the
mechanical strength properties of a soil sample. This non-destructive procedure would not disturb
the sample and allow for accurate data to be observed.
There are several pros and cons when studying materials by using Bender elements to observe the
changes in P- and S-waves. To start, this method of testing has been widely used and applied to
testing to obtain results that reveal the mechanical properties of frozen soil. It is a fairly simple
and easy process that allows the researcher to constantly monitor the soil sample without having
to physically intervene. The Bender elements themselves also have a low profile and will not
disturb the soil sample much when placed inside for testing. The main drawback of P- and S-wave
testing could be considered the quality of data from the results of testing. There might be
significant noise interference that affects the velocity of the wavelengths. It could be difficult to
extract an accurate mathematical model of the velocities from data that is ‘blurred’ with noise.
Another con is that the sensors required for testing could be expensive to obtain. There may also
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be complications with connecting the wires of the sensors in the correct fashion to obtain the
desired result and the connection points are rather small.
Throughout the next few sections contained within this abstract, the methodologies used by various
researchers to study P- and S-wave testing on frozen soil samples will be covered. From these
experiments, their results, and conclusions, will be discussed to gain a better understanding of
where research currently stands on this topic.
Methodology and Materials
Christ, Kim, & Park (2009): This research experiment focused on learning about the changes in
the mechanical properties of soil should it undergo the freeze/thaw cycle. They noted that this
research would be important for buildings where the soil experiences frozen conditions. Three
different soil types were experimented on using freeze/thaw tests. Sand, silty-sand, and silt were
chosen as the soil types for experimentation. From these tests, compressional and shear wave
velocities were plotted as a function of the freeze/thaw cycles and temperature. To begin
experimentation, the immersion ultrasonic sing-around method was adopted to record ultrasonic
velocities. Kerosene was chosen as the medium for which the sound wave was transmitted.
Compressional and shear waves can propagate in this medium and were recorded. An oscilloscope
was used to observe the waveform that was received.
Specimens were prepared by combining the soil with the correct amount of water. To perform the
ultrasonic tests, the soil combined with the water were compacted down into disks of dimensions
35mm by 6mm in thickness. The samples were placed into a freezer where the specimen froze to
a temperature of -10 ͦ C. Temperature was constantly monitored by inserting a thermocouple into
the sample. Freeze/thaw conditions were tested by both placing the sample into the freezer and
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removing it to let it thaw in the testing room of temperature 20 ͦ C. This was done 0, 5, 10, and 20
times. Each freeze/thaw cycle took 12 hours (8 for freezing, 4 for thawing).
To perform Uniaxial Compressive Strength Tests, the moist soil was placed into steel molds with
certain dimensions 50mm in length by 100mm in height. Strain rate was held to 1mm/min. A load
cell was used to measure axial stress. Testing temperatures ranged from -2, -5, and -10 ͦ C. Each
freeze/thaw cycle took 24 hours (16 for freezing, 8 for thawing). Water content was determined
from photographs after testing.
Table 1: Attenuation Comparison of Soil Mechanical Properties Before and After Freezing and Thawing
Christ, Kim, & Park (2009).

Soil
Type

Mechanical
Properties

Freeze-Thaw Cycle
Times (hr)

Attenuation (%
@ -10 C)

Researcher

Sand

Poisson Ratio

12 (ultrasonic), 24
(compression)

16

Christ, Kim, &
Park (2009)

SiltySand

Poisson Ratio

12 (ultrasonic), 24
(compression)

42

Christ, Kim, &
Park (2009)

Silt

Poisson Ratio

12 (ultrasonic), 24
(compression)

39

Christ, Kim, &
Park (2009)

Park & Lee (2013): They devised an experiment to simulate the freeze/thaw conditions found in
nature. This study mainly focused on developing experimental methods to research water
distribution patterns from characterizing elastic wave properties. This experiment covered a
complete freeze-thaw cycle to better simulate the effects of temperature fluctuation in nature. Four
water distribution patterns were used to study the effects from this test. These four patterns
consisted of saturating the soil in a horizontal, vertical, homogenous, and evaporated fashion. A
7

sand mixture was used as the baseline soil for this experiment. Each soil specimen was prepared
with a different water distribution pattern. From here, piezo crystal sensors were used to observe
both P-waves and S-waves within the soil. The piezo crystal sensors were housed in an oedometer
that has been modified.
When the specimens have been prepared, the oedometer was placed into a freezer where the
internal temperature was -15 ͦ C. The soil contained within the oedometer was subsequently frozen
until no further changes could be observed. Then, the specimen was thawed by raising the
temperature to 18 ͦ C. It is worth noting that each specimen had an even deadweight distribution of
5 kPa.
Table 2: Attenuation Comparison of Soil Mechanical Properties Before and After Freezing and Thawing
Park & Lee (2013).

Soil Type
(saturation method)

Mechanical
Properties

Freeze-Thaw
Cycle Times
(hr)

Attenuation
(%)

Researcher

Sand (unfrozen)

Poisson Ratio

12

20

Park & Lee
(2013)

Sand (evaporated)

Poisson Ratio

12

60

Park & Lee
(2013)

Sand (homogenous)

Poisson Ratio

12

37

Park & Lee
(2013)

Ferrero et al. (2013): This experiment focused on climate change effects to the cryosphere of highmountain areas in the Alps. To start, soil samples were obtained from two testing locations in the
western Alps of Italy. These samples were taken to a lab to determine the geotechnical
classification. Next, uniaxial tests were performed at different temperatures for each specimen. A
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thermocouple measured temperature, vertical displacement, and normal load. The samples were
shaped into cylinders that were 100mm wide by 200mm in height.
Also in the lab, P- and S-wave velocities were observed during the fluctuations from -30 to -5 ͦ C.
The measurements of these velocities were done by placing aluminum foil between the probes and
the sample and by applying axial loading to enhance S-wave measurements. The measurements
between the probes were recorded using a specifically written program in Matlab. This program
allowed the researchers to record spectral analysis, ultrasonic pulse timing, comparisons between
P- and S-waves, and read travel times.
Table 3: Attenuation Comparison of Soil Mechanical Properties Before and After Freezing and Thawing
Ferrero et al. (2013).

Soil
Location

Mechanical
Properties

Freeze-Thaw
Temperature (lowest ͦ
C)

Attenuation
(%)

Researcher

A1_1

Change in Peak and
Residual Strength

-6

23

Ferrero et al.
(2013)

A1_2

Change in Peak and
Residual Strength

-5.5

21

Ferrero et al.
(2013)

R1_1

Change in Peak and
Residual Strength

-5.5

0

Ferrero et al.
(2013)

Further values shall be found in the original research document from Ferrero et al. (2013). All
values provided in this report are for reference only.
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Results and Discussion
Christ, Kim, & Park (2009): To begin, a plot of the compressional and shear wave velocities was
plotted as a function of temperature decreasing. It has been concluded that these velocities are
dependent upon grain size, freezing and thawing, and temperature fluctuations.
Compressional and shear wave velocity increased as the temperature dropped from -1 to -4 ͦ C in
frozen soils. It was determined that compressional wave velocity is mainly affected by the amount
of ice present in the sample. Shear wave velocity is more dependent on the geometrical
construction from the bonds formed by the ice that is present in the soil.
It was also determined that finer grain sizes will yield lower wave velocities. This is mainly due
to finer soils possessing a higher amount of unfrozen moisture.
Compressional wave velocity is also affected by the amount of freeze/thaw cycles. These
freeze/thaw cycles appear to affect soils of larger grain sizes more than fine grain sizes.
Compressive strength was also determined to increase as the temperature of the soil decreased.
Furthermore, the compressive strength decreased after the soil was subjected to 10 freeze/thaw
cycles, insinuating that freeze/thaw conditions can cause soil to lose its strength under multiple
cycles.
Park & Lee (2013): To start, a plot of the soil temperature versus time was created for each
specimen. The effects of an evaporation-driven saturation content of 30% and 60% were tested. It
was concluded that the increased saturation level of 60% increased the amount of time it took for
the soil to complete the freeze-thaw process. Figure 4, within the article, depicts a good
representation of how the increased saturation increased every stage within the freezing and
thawing process. Then, the graphs of the differently distributed water contents within the soil were
10

compared. A homogenously distributed water content sped the process up while vertically
distributing the water slowed the process down. P-wave and S-wave signatures were also plotted.
It was concluded that during freezing, time for the first arrival of P-wave and S-wave signatures
decreased. During thawing, the first arrival of elastic waves took longer which has been concluded
to cause reduced soil stiffness.
The article then presents the various conclusions that can be drawn from this experiment.
Evaporation-driven specimens produced the fastest elastic wave velocities while the horizontally
layered specimen produced the slowest. This was due to the different distribution methods
influencing the capillarity. Cementation was more noticeable with greater levels of saturation.
Overall, it was concluded that this lab experimentation and records of the elastic properties may
over- or underestimate the effects in real-world scenarios outside of a controlled lab setting.
Ferrero et al. (2013): To begin, stress-strain curves as well as plots of the strength as a function of
temperature were constructed. Strength was found to decrease as the temperature increased for
both samples. Next, P- and S-wave velocities were plotted as a function of temperature. It was
concluded from the plots that velocities will decrease as temperature is increased.
This research further supports the idea that ice caps, within the region in which testing was
conducted, will lose stability and strength as temperatures increase due to climate change. They
have noted that this research should be taken into consideration when designing facilities to be
used in these regions or on icy slopes.
Conclusion
From these three experiments, it can be concluded that the following will be observed in the
mechanical properties of frozen soil:
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•

Compressional and shear wave velocities are dependent upon grain size, freezing and
thawing, and temperature fluctuations.

•

Compressional wave velocity is mainly affected by the amount of ice present in the sample.
Shear wave velocity is more dependent on the geometrical construction from the bonds
formed by the ice that is present in the soil.

•

Finer grain sizes will yield lower wave velocities.

•

Freeze/thaw cycles appear to affect soils of larger grain sizes more than fine grain sizes.

•

Compressive strength was also determined to increase as the temperature of the soil
decreased.

•

Freeze/thaw conditions can cause soil to lose its strength under multiple cycles.

•

Evaporation-driven specimens produced the fastest elastic wave velocities while the
horizontally layered specimen produced the slowest.

•

Cementation was more noticeable with greater levels of saturation.

•

For future studies, further testing could be done to reinforce the previously listed
conclusions. Chemical testing, to further investigate the bonds created by frozen soil, could
also be carried out.
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Experimentation
Introduction
Before experimentation began with this project, an experimental gameplan was constructed to
develop a way to study the effects freezing and thawing would have on the mechanical properties
of soil. These effects were to be studied through the use of Bender elements placed within the soil.
The soil would be housed in an acrylic chamber constructed specifically for this experiment. The
chamber featured slits of equal heights on four sides for the sensors. Electrical waves would be
generated and sent through the soil to record both P- and S-wave measurements. This was done
for one specific soil type with varying degrees of saturation ranging from 20% to 100% saturated.
It was imperative that the saturation levels would be the only variable altered throughout the
experiment. Sinusoidal waves were generated at three stages during the process. These stages
consisted of collecting data before the chamber was placed in the freezer, after the soil was allowed
to freeze overnight, and when the soil was allowed to fully thaw. This gave a representation for
the effects both freezing and thawing the soil would have on electrical wave travel times. These
travel times could then be used to deduce the mechanical behavior of soil under constant
freeze/thaw conditions in a real-world application. It has been concluded that freezing the soil has
a significant impact on the travel time for the sinusoidal wave traveling through the soil, indicating
a change in its mechanical properties. Raising the amount of moisture present within the soil also
had a direct impact on the results that could be collected. Higher saturation levels produced
“damping” when observing the wavelengths that were generated through the soil. A possible
explanation for this could be higher levels of moisture are more likely to fill voids within the soil,
making the wave travel times longer.
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Materials and Procedure
Before experimentation, several pieces of electronic equipment were obtained. A Keysight data
acquisition/switch unit was used to both acquire readings and measure the temperature of both the
lab and inside the freezer. Next, a Keysight waveform generator was connected and given power
to generate the necessary sinusoidal waves to be passed through the Bender elements within the
chamber filled with soil. A freezer was kept close-by to ensure minimal moisture and temperature
loss. An oven was also utilized within the lab to perform moisture content calculations when
necessary. The waveform generator, data acquisition unit, oven, and freezer are pictured in Figure
4 below.

Figure 4: Freezer, Waveform Generator, Oven, and Data Acquisition Unit.

Next, the Krohn-Hite Model 3382 Dual Channel Filter was connected to manipulate the frequency
ranges of the electronic signals being passed through the sensors. It features an option to “cut off”
14

the frequency at a specific and predetermined measurement. This allows for consistent and reliable
signals being passed through the sensors to obtain accurate and true readings from the data
acquisition unit. This dual channel filter was then connected in tandem to a Keysight Digital
Storage Oscilloscope. This oscilloscope gave a visual representation of the sinusoidal wave that
was pulsed through the soil between each sensor. It was also used to assist in recording data when
connected to a laptop with Keysight software. Figure 5 below shows both the dual channel filter
and the oscilloscope connected in tandem through coaxial cables.

Figure 5: Krohn-Hite Model 3382 Dual Channel Filter & Keysight Digital Storage Oscilloscope.

The oscilloscope, along with the other electrical equipment, was connected to the laptop through
a USB connection to extract data into a readable format. The Keysight BenchVue software on the
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laptop allows data points to be converted and represented as numerical values in the Microsoft
Excel format. A full representation of what the experimental setup looked like can be seen in
Figure 6.

Figure 6: Full View of Experimental Setup and Laptop Configuration.

A scale was also required for this project to weigh each layer of the soil samples as they were
compacted into the chamber. A larger scale, capable of weighing heavier amounts, shall be used
to eliminate the layering required within the chamber. Soil samples were placed into a large bowl
already present on the scale to identify weights. Ziploc bags were primarily used as the means of
transporting the soil to the lab site. These bags were also chosen as they can be sealed overnight
providing conditions for the saturated soil to experience minimal moisture loss. Metal scoops were
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used to remove the soil from the bag and place it into the acrylic chamber. The end of the scoop
was also used to disperse the soil evenly throughout the container. The base for the Bender
elements to rest on were made from wood and screwed into place. A more detailed explanation of
the fabrication of these sensors will be explained below. A common household plastic wrap was
used to cover the chamber fully before placement into the freezer attempting to eliminate the
potential for moisture loss. Both the exposed top and the slits were covered with this plastic wrap
to remove all holes where moisture can escape the system. Markers were used to indicate 1-inch
increments alongside the front face of the chamber. More information on the construction of the
chamber is provided below. Rulers were used to mark these increments as well as document
general dimensioning for this project. The soil selected for this experiment was a sand mixture for
ease of compaction and minimal voids. Finally, water was needed to saturate the sandy soil to the
correct percentage before each test was completed.
For the specific fabrication of the Bender element sensors to be used in experimental testing,
wooden blocks were cut to act as a firm base that the sensors would be attached to. Attaching them
to a base ensures the sensor will not deviate from its original position after being placed into the
soil sample. The sensors were screwed into the wooden base. The sensor, attached to the wooden
base, can be seen in Figure 7 below.
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Figure 7: Configuration of a Typical Sensor.

As can be seen in the figure, the sensor itself juts out from beyond the wooden base so to eliminate
any potential interference the block may have when the sensor begins to generate a wave. Both
compressional and shear wave sensors needed to be fabricated. This was done by stripping the
wires of a coaxial cable and soldering them in a specific manner to the sensor.
Each configuration allowed for the sensor to both send a receive either compressional or shear
waves. Pulses were ultimately sent through the sensor and into the sand samples contained within
the chamber. The respective travel times for this pulse to be received by the second sensor was
recorded using the Keysight BenchVue software on the laptop. For the specific configuration of
how these elements were placed into the chamber, please refer to the section below about the
construction of the chamber itself.
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It was decided that the chamber would be made from acrylic as it is a strong material able to
withstand the constant freeze/thaw cycles without losing its structural integrity. It was chosen
because acrylic should not provide much noise interference when testing between the sensors. The
chamber itself would have a perfect box-like configuration with dimensioning 6” x 6” x 6”. Slits
were specifically designed to be placed halfway from the base of the chamber on each of the four
outer faces. This acrylic chamber was constructed by the machine shop located at The University
of Akron within the ASEC building. The fully completed construction of the acrylic chamber can
be seen in Figure 8 below.

Figure 8: Full View of Acrylic Chamber with Sensors Placed Inside.

As can be seen from the figure above, the sensors are specifically placed 1.25 inches into the
chamber, and as a result are, equidistant from each other. This will allow for consistent data that
will not be affected if there were to be different gap sizes between the sensors as this will affect
the travel times of the waveforms.
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Regarding the procedure for this project, it was first decided to create an experimental itinerary
that outlined week-to-week operations to be performed. Below is a table concerning an example
of what the typical outline looked like when conducting this experiment.
Table 4: Typical Weekly Outline of Project Activities.

Week 1 (March 7 - March 13)
Day

Task

Monday

Clean up the freezer + Mix Soil and water for
sample A

Tuesday

Compact soil in the box + Wave generation +
Put sample A in freezer

Wednesday

Wave generation on frozen soil + Leave
sample A in room temperature + Mix Soil and
Water for sample B

Thursday

Wave generation test + Compact soil in the
box + Wave generation + Put sample B in
freezer

Friday

Wave generation on frozen soil + Leave
sample B in room temperature

Saturday

Wave generation test

After the complete construction of all elements needed for this experiment, testing could begin.
As noted in the weekly outline above, the first step was to mix water and the sand to the desired
saturation level. Before this mixing could occur, moisture content calculations were performed to
achieve the required level of saturation. The weight of the water needed to reach the desired
saturation level was then added to the sand within a Ziploc bag and mixed. From here, the bag was
sealed until it was ready to be used in experimentation. Before the mixture could be added to the
chamber, 1-inch increments were marked on the side of the chamber starting from the base and
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ending at 5 inches. Because the scale that was available could not handle the entire weight of the
chamber, it was decided to calculate the weight of each layer that would be added to create the
total weight necessary. This was done by dividing the total calculated weight of the mixture by 5
layers to get the weight needed for each layer when loading the chamber. An example of how this
calculation was tabulated can be found in Table 5 below.

Table 5: Weight Per Layer Calculations.

Sample
A

B

C

D

E

Sat. %

20%

40%

60%

80%

100%

Required time

4
Days

4
Days

4
Days

4
Days

4
Days

Moisture %

3.9%

7.9%

11.8% 15.7% 19.7%

Bulk Unit Weight (pcf)

102.9

106.8

110.7

114.6

118.4

Soil Sample for water distribution (lbs)

13

13

13

13

13

Water needed to be added (lbs)

0.51

1.02

1.53

2.04

2.55

Specimen weight in 6 inches box - 5 inch height
(lbs)

10.72

11.12

11.53

11.93

12.34

Weight of each layer (lbs)

2.14

2.22

2.31

2.39

2.47

Weight of each layer (g)

972.23

1009.00

1045.76

1082.53

1119.30

Once the weights were calculated, the saturated sample was ready to be added to the chamber. A
scoop was used to place the sand into a bowl on the scale that had previously been “zeroed out”.
The specific weight of each layer was then added and dispersed evenly into the chamber. Several
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techniques were used to tamp down and compact the sample exactly at the measured tick marks
that were previously indicated. This was done until all 5 layers were added, and the sample was
completely compacted in the chamber. This compaction was important as it eliminates the
possibility for voids to be created within the soil, potentially skewing the data to an undesired
measurement. Once a satisfactory and uniform compaction was reached, the sensors were placed
inside the slits located on the sides of the chamber and into the soil. The P-wave sensors were
placed directly opposite of each other, like the S-wave ones. The experimental configuration used
for testing can be seen in Figures 9 & 10 below.

Figure 9: Acrylic Chamber, Slits, and Markers Filled with Soil Sample.
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Figure 10: Overview of Sensor Configuration within the Sample.

After the sensors were properly placed inside the sample within the chamber, wave generation
could take place and data could be collected. Testing began by connecting either the compressional
or shear sensors to the electrical equipment. Sinusoidal pulses were sent through the sensors and
the travel times were recorded in real time using the software on the laptop. Multiple trials for both
P- and S-waves were conducted to increase the accuracy of the data collected. Next, the chamber
was covered completely with the plastic wrap to ensure no moisture could escape from the sand
when it was frozen. This was important as the moisture level within the soil is supposed to be kept
constant throughout the freeze/thaw process. Once the chamber was completely covered, it was
placed into the freezer and left there overnight. The sample was in the freezer for at least 12 hours.
The temperature of the freezer was recorded to be around -20 ͦ C and the lab room itself was 22 ͦ
C. During the next day, the chamber was taken out of the freezer and the wires were yet again
connected to the electrical equipment. Now, readings for the frozen sample were taken following
23

the same procedure as before it was placed into the freezer. Again, multiple trials were conducted
to further validate the average readings received. Once this was done, the chamber was allowed to
thaw and warm up to normal lab room temperature. This thawing process consumed at least
another 12 hours. When the soil was fully thawed, the final test was done to gather readings on the
thawed sample. Like previously, multiple trials were conducted and recorded. This process of
recording measurements before freezing, right after freezing, and when the sample was thawed
would have been repeated amongst all the saturation levels (20, 40, 60, 80, 100%).

24

Results and Discussion
Results for this experiment have been recorded from the oscilloscope connected in tandem with
the laptop through the BenchVue software. The BenchVue software allows for the ability to export
the raw data collected into a readable Microsoft Excel format. From the Excel file, plots of the
compressional and shear wave response times were made. These plots were made for values from
before the chamber was placed in the freezer, shortly after the chamber was taken out of the freezer,
and after the sample was thawed to room temperature. The results for the 20% saturated sample
can be seen in the following figures.
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Figure 11: 20% Saturated P-Wave Response Times (Before Freezing).
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Figure 12: 20% Saturated P-Wave Response Times (Frozen).
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Figure 13: 20% Saturated P-Wave Response Times (After Thawing).
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Figure 14: 20% Saturated S-Wave Response Times (Before Freezing).
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Figure 15: 20% Saturated S-Wave Response Times (Frozen).
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Figure 16: 20% Saturated S-Wave Response Times (After Thawing).
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As can be seen from the figures above, the plots before, during, and after freezing have been shown
for the 20% saturated sample. When observing both the P- and S-wave plots, it is concluded that
the sinusoidal wave response times were shorter. Damping of the wave has also occurred for the
received signal. This is because the moisture level within the soil will have an impact on response
times and generally slow them down. After the sample was frozen, the moisture froze within the
voids of the soil and hindered the response of the wave generation. The response time seemed to
increase for the S-wave testing from the frozen to thawed state. This could be explained by the
moisture returning into the soil as a liquid.
Further testing was partially completed for other saturation levels. Unfortunately, as testing
progressed, it became apparent that moisture was clearly being lost throughout the duration of the
experiment. Perhaps there was not a proper seal created between the exposed chamber and the
plastic wrap used to try and keep the moisture within the sand. Moisture could also have been lost
when handling the chamber during the wave generation tests as the chamber was left exposed for
an extended period. As testing progressed, the electrical equipment that was being used failed to
collect readings for a single pulse. The oscilloscope experienced a phenomenon where the single
pulse would be recorded and appear on the screen, but then quickly disappear leaving no data to
be reported. There is speculation that the wiring for the sensors themselves could have been
disconnected throughout the testing process. Perhaps, the wiring may have also gotten tangled
causing unwanted interference. Time constraints also inhibited the full completion of this project.
Mandatory deadlines and report requirements were prioritized over the completion of this project
as most of it would need to be tested again properly. This further testing just would not be feasible
to complete both the experiment and the report before the required deadline.
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Conclusion
In drawing conclusions for this experiment, results should only be considered as preliminary and
will require further testing and analysis for validation. When looking at the results that were able
to be recorded, it was clear that the saturation levels did have an effect on response times of both
the compressional and shear waves. There appeared to be a trend with higher moisture levels
damping the waves that were recorded to a greater extent. As explained previously, this could be
explained by the water filling and freezing itself within the voids of the sandy sample. Further
conclusions will not be made as the experiment was unable to be completed.
Recommendations for Future Studies
In the future, testing this concept will be expected to be performed by upcoming students. In the
following paragraph, there will be an outline for recommendations as future students begin work
on this experiment.
For future reference, there are a few recommendations in regard to the completion of this project.
It is highly recommended that testing should begin with a different medium to ensure the sensors
and electrical equipment work properly and are able to produce accurate readings. For this
experiment, initial trial testing was performed on snow to prove the validity of the sensors. An
image of the trial testing with the snow can be seen below.
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Figure 17: Trial Testing with Snow.

It is also recommended that students should figure out a way to ensure there is as minimal moisture
loss as possible as this will greatly affect the results. Take care when soldering the wires to the
sensors as well as the connection points are small and may come loose, or even break, with
carelessness. Make sure all electrical equipment works well with the sensors. Also, it could be
beneficial to come up with an exact plan before beginning the testing.
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